ABSTRACT: Bryozoans exhibit a highly variable geochemistry within their calcium carbonate skeletons. Previous studies have predominantly attributed this variability to differences in seawater temperature influencing the relative deposition of aragonite and calcite, and the extent of magnesium incorporation into the calcite lattice. However, the patterns and scale of this variability have not been examined in detail. We conducted a high-replicate, multi-site study on the skeletal mineralogy of temperate Northern Hemisphere bryozoans to investigate the range of skeletal aragonite and Mg-calcite variability between species and the relative influence of environmental and biological factors on skeletal biogeochemistry. During a cruise in May 2012 in Scapa Flow, Orkney, Northeast Scotland, 480 specimens from 3 bryozoan species were collected by SCUBA diving. Samples were obtained from 5 study sites with similar depths and physical characteristics. All specimens were collected within the same week and were selected to be of similar size, age and breeding status. The results of X-ray diffraction analysis showed that wt% MgCO 3 in calcite and wt% aragonite in total CaCO 3 were statistically different between sites for all species. This may be explained by differential population connectivity between sites influenced by the tidal regimes of Scapa Flow. No temperate bryozoan species showed the expected positive trends of increasing wt% MgCO 3 in calcite or wt% aragonite in total CaCO 3 with seawater temperature. Based on the data generated in this study, we suggest that both environmental and biological factors are involved in the control of skeletal mineralogy in some temperate bryozoan species.
INTRODUCTION
Links between seawater temperature and the skeleton mineralogy of marine animals were first suggested by Clarke & Wheeler (1922) , when correlations were observed between the inorganic constituents of marine organisms and local habitat temperature. In 1954, increased magnesium incorporation in calcium carbonate was recognised as a proxy for increasing seawater temperature by Chave (1954) . In the same year, Lowenstam (1954) identified a positive correlation between seawater temperature and aragonite content in bimineralic animals. Substitution of Mg 2+ for Ca 2+ in calcite has been studied through inorganic precipitation studies, which demonstrate that incorporation of magnesium within the calcite lattice is thermodynamically more favourable in warmer waters (Chilanger 1962 , Katz 1973 , Burton & Walter 1987 , Mucci 1987 , Oomori et al. 1987 . Similarly, aragonite is more energetically expensive to build than calcite (Anderson & Crerer 1993) , resulting in an expectation of preferential deposition of aragonite over calcite under warmer conditions (Chave 1954) . Positive correlations between Mg-calcite and/or aragonite and seawater temperature have been observed in a number of phyla, including Mollusca (Cohen & Branch 1992) , planktonic Foraminifera (Barker et al. 2005 , Martínez-Botí et al. 2011 , benthic Foraminifera (Rosenthal et al. 1997 , Bohaty et al. 2012 , coccoliths (Ra et al. 2010) and corals (Chang et al. 2004 ), leading to their development as paleoenvironmental thermometers.
The temperature of our oceans is changing globally (Kerr 2013 ) at a faster rate than has been seen in at least the past 420 000 years (Hoegh-Guldberg & Bruno 2010) . It is anticipated that increasing sea water temperatures will result in an increase in the level of Mg-calcite and aragonite deposition in shells and skeletons (Chave 1954 , Lowenstam 1954 . In addition to getting warmer, our oceans are also acidifying. This is expected to result in reduced calcification rates and increased calcium carbonate dissolution in marine animals (Widdicombe & Spicer 2008) . Mg-calcite and aragonite are both more susceptible to dissolution than pure calcite (Anderson & Crerer 1993) . As a consequence, animals with higher Mg-calcite and greater utilization of aragonite may be more susceptible to ocean acidification in the future. Understanding the response of marine biogenic calcium carbonate to changes in environmental conditions may enable us to predict which species will survive under future climate change scenarios. By establishing a mineralogical baseline for some mineralogically complex, temperate marine animals, this study aims to enable future monitoring of the effects of climate change in temperate waters (Fabry et al. 2009 ).
Bryozoa constitute a phylum of modular filter-feeding animals in which there are a predicted 8000 extant species (Ryland 2005) , the majority of which build complex calcium carbonate exoskeletons. Bryozoans exhibit a large mineralogical spectrum in their skeletons, which can be entirely calcitic, aragonitic or bimineralic, featuring both CaCO 3 polymorphs (Smith et al. 2006 , Lombardi et al. 2008 . Magnesium (Mg) is naturally incorporated within bryozoan calcite and this can range from low (≤ 4 wt% MgCO 3 ), through intermediate (> 4 wt% MgCO 3 to < 8 wt% MgCO 3 ) to high (≥ 8 wt% MgCO 3 ) (Smith et al. 2006 , with most bryozoans featuring low or intermediate Mgcalcite (Smith et al. 2006 , Lombardi et al. 2008 ). Skeletal variability is exhibited at all taxonomic levels within the phylum with the majority of variability occurring between different clades and species. In all species, some mineralogical variation can be seen between different specimens and often within colonies.
Both biological and environmental controls are believed to influence bryozoan aragonite and Mgcalcite content within species, although the relative influence of these controls on skeleton composition is much debated. Biological control refers to factors such as astogeny (Smith et al. 1998 , Smith & Girvan 2010 , growth rates (Smith 2007 , Kuklinski & Taylor 2008b , food availability (Bone & James 1993) , physiological 'wellness' (Stanley & Hardie 1998) and directed adaptation to ecological niches in isolated populations (Cheetham et al. 1994) . Environmental control indicates that skeletal mineralogy is driven by the seawater within which the bryozoan lives with little or no physiological involvement from the animal itself. Environmental factors influencing mineralogy may include salinity (Bohaty et al. 2012 ) and carbonate chemistry (Müller et al. 2014 ) in addition to temperature; however, temperature is assumed to be the dominant control when using wt% MgCO 3 in calcite or wt% aragonite as paleoclimatic proxies (Chave 1954 , Lowenstam 1954 , Weiner & Dove 2003 .
Following the first reports of relationships between mineralogy and environmental conditions, it was observed that not all mineral deposition occurred in isotopic equilibrium and that 'the presence of a physio logical effect in the case of certain groups of animals such as the echinoderms and corals, and plants, such as coralline algae, has seemed probable' (Epstein et al. 1951 ). This biological effect on mineralogy subsequently came to be known in biogeochemistry as the 'vital effect'. A strong vital effect can override, or mask, mineralogical responses to environmental factors such as temperature, compromising the usefulness of a species, or phylum, as a paleo climatic recorder (Weiner & Dove 2003) . Past bryo zoan studies have alluded to the existence of a vital effect (Schafer & Bader 2008 , Smith & Girvan 2010 , Loxton et al. 2014 ; however, the relative influence of biological and environmental control on skeletal mineralogy has not yet been established. Past mineralogical studies on temperate bryozoans have been constrained by limited availability of samples and environmental measurements, and as a consequence, it has not been possible to clearly determine the usefulness of the Bryozoa as paleoenvironmental recorders.
The overall aim of this study was to conduct a highreplicate, multi-site study on the skeletal mineralogy of selected temperate bryozoans to allow compar-isons to be drawn between the mineralogy and range of skeletal variability between species, and to investigate the relative influence of environmental and biological factors on skeleton chemistry. The study was conducted over a relatively small spatial scale of 12 km, and the reported environmental homogeneity of the study location (Bennett & Covey 1998) leads us to predict that no environmentally driven differences in skeletal mineralogy between sites will be observed. Any differences in skeletal Mg-calcite, or aragonite, which do occur between sites, could therefore be attributed to biological control of skeletal mineralogy.
To investigate this, samples of 3 temperate bryozoan species were collected and examined from 5 sites in Scapa Flow, Orkney, Scotland. Multi-year measurements of seawater temperature in Scapa Flow were recorded at 2 depths to establish interseasonal variability and any effect of depth. Further environmental parameters of seawater temperature, depth and salinity were recorded at each site at the time of specimen collection. Water samples were collected at each site for laboratory analysis and calculation of carbonate system parameters. The resulting datasets were examined to (1) compare the mineralogy and range of skeletal Mg-calcite and aragonite variability between the 3 temperate species, (2) investigate the relationship between bryozoan wt% MgCO 3 in calcite, wt% aragonite in total CaCO 3 and environmental factors, and (3) identify potential biological factors influencing temperate bryozoan mineralogy. This study will establish a mineralogical baseline for 3 common British bryozoans for comparison in future studies.
MATERIALS AND METHODS

Study area
Orkney is an archipelago of islands situated 16 km northeast of mainland Scotland (58 to 59° N, 2 to 3°W ), at the point of confluence of North Atlantic and North Sea waters (Fig. 1A) . At the centre of this island group lies Scapa Flow, a semi-enclosed marine basin covering an area of ~130 km 2 (Joyce 2004) , where water depths reach a maximum of 70 m. Tides and currents circulate through Hoy Sound, in the northwest, and Hoxa Sound in the south, which open to the Atlantic Ocean and Pentland Firth, respectively. Benthic sea temperature is highly variable throughout the year with a reported range from 5 to 14°C (Bennett & Covey 1998) . The salinity regime of near bottom waters varies annually from 30 to 35 psu (Bennett & Covey 1998) . More detail on the profile of the Orkney marine environment was published by Jones (1975) .
Sampling and specimen processing protocol
Between October 2010 and March 2013, hourly seawater temperature measurements were recorded using a HOBO UA-002-64 temperature logger at 6 and 12 m benthic sites in Scapa Flow (6 m site: 58°55.300' N, 3°06.579' W; 12 m site: 58°55.273' N, were selected within Scapa Flow with similar depths (9.5 ± 3.5 m) and substrate (boulders and cobbles) (Fig. 1B ). All sample sites had similar exposure and geomorphology. At each site, specimens were collected on pebbles from below the kelp line from within a 5 m 2 area at constant depth. Sites were an average of 6 km apart (range: 1.7 to 11.8 km), and were within an area of 28.3 km 2 . Conductivity and temperature were measured at each site during collection using a HOBO U24-002 salt water conductivity logger; instrument accuracy is reported to be 0.1°C for temperature (measurable range −2 to 36°C) and 3% of conductivity reading (HOBO ® U24 Conductivity Logger (U24-002-C) manual, p 2−7). Conductivity was converted to practical salinity units, as defined on the practical salinity scale of 1978 (Mcdougall et al. 2010 ) using the Gibbs function of seawater. In situ water samples were collected by SCUBA from each site in 500 ml borosilicate glass bottles. To prevent any further biological activity in the stored sample, each sample was poisoned within 1 h of collection with a saturated solution of mercuric chloride (7 g per 100 ml deionised water) in a 0.02% volume ratio. Carbonate analysis was undertaken at the National Oceanography Centre, Southampton following the protocols of Dickson et al. (2007) . Dissolved inorganic carbon (DIC) was determined using coulometric titration; total alkalinity (TA) was determined using closed-cell titration. The precision of DIC and TA measurements obtained using this method is reported as ± 0.05% or better (Dumousseaud et al. 2011) . The measurement of DIC, TA, temperature and salinity allows the calculation of the other variables of the carbonate system through the use of thermodynamic constants. The CO2SYS program (Lewis & Wallace 1998) was used for the recalculation of the carbonate system variables using the thermodynamic constants of Mehrbach et al. (1973) refitted by Dickson & Millero (1987) . Carbonate analysis was conducted according to the methods of Dumousseaud et al. (2011) .
A total of 480 specimens of 3 bryozoan species were collected for mineralogical examination. The species selected for analysis from Orkney were the cheilostomatous bryozoans Microporella ciliata, sensu stricto (Pallas, 1766), Membraniporella nitida (Johnston, 1838) and Escharella immersa (Fleming, 1828) .
The study species were selected on the basis of being well-known, common species with distinctive features for identification (Fig. 2) . The 3 species represent both calcitic and bimineralic mineralisers and were present in sufficient quantities for sampling during the experimental period. M. ciliata and M. nitida are both reported to have highest levels of settlement in the spring and summer (Maughan & Barnes 2000 , Denitto et al. 2007 ), while, between 2010 and 2013, the authors observed E. immersa as having a predominantly winter breeding cycle. Growth rate data are not available for E. immersa or M. nitida; however, Ball et al. (1995) estimate M. ciliata to grow at a rate of 1 mm mo -1 . Specimens were identified to species level under a dissection (stereo) microscope (Zeiss) using the monographs of Hayward & Ryland (1998 and the re-description of Microporella by Kuklinski & Taylor (2008a) . All specimens were alive when collected and were subsequently rinsed in fresh water and air dried for a minimum of 1 mo before samples were extracted for analysis. To minimise any potential mineralogical variability caused by season or specimen age, individual colonies of similar diameter were selected for sampling. Each sample consisted of 5 zooids extracted from the outermost growing edge of a colony, containing the most recently deposited skeletal material. As far as possible, care was taken to ensure that no substrate (e.g. coralline algae) or epibionts were included within the sample, as they could potentially contaminate results through their added mineralogies.
Voucher specimens and extracted skeletal material have been lodged in the Bryozoa collections of the Natural History Museum, London (NHM) under registration numbers NHMUK 2014.1. 10.261-331, 2014.1.10.332-422, 2014.1.10.575-634, 2014.1.10.683-725 and 2014.1.10.727-813 .
Analysis techniques
Mineralogical analyses were conducted at the EMMA unit (NHM London) using an Enraf-Nonius X-ray diffractometer (XRD) with an INEL CPS-120 curved position-sensitive detector and cobalt X-ray source. Tube operation conditions were 40 kV and 40 mA. A primary germanium 111 monochromator (INEL) with slit settings of 0.14 × 5 mm was used to confine the X-ray beam to pure Co Ka 1 radiation. Samples were measured in reflection using asymmetric flat-plate geometry. Diffracted intensities were collected simultaneously over a 2-θ range of 120° without angular movement of tube, sample or de tector. The angle between the incoming monochromatic beam and sample holder was kept constant at 5.9°. The sample holder was rotated to increase the number of crystallites and the randomness of their orientations in the X-ray beam. The angular linearity of the position-sensitive detector was calibrated using silver behenate (AgC 22 H 43 O 2 ) and NIST silicon powder (SRM 640) as external standards and the calibration curve was fitted using a least-squares cubic spline function.
Bryozoan samples were powdered using an agate pestle and mortar and affixed using a drop of acetone to single quartz crystal substrates. Quantitative XRD analysis was undertaken to determine the dominant calcium carbonate polymorph, the proportions of calcite and aragonite in bimineralic species, and the Mg content of the calcite.
To determine the proportions of aragonite and calcite in bimineralic species, peak intensities were fitted to standard patterns generated from 100% aragonite and 100% calcite. Results are presented as wt% aragonite, which is the proportion of the total calcium carbonate that is represented by the polymorph, aragonite. The error associated with this method is estimated to be 2% based on repeatability studies of samples with a known aragonite proportion ). To calculate wt% MgCO 3 in calcite, the position of the d104 peak was measured, assuming a linear interpolation between calcite (CaCO 3 ) and Mg-calcite (MgCO 3 ). Wt% MgCO 3 in calcite is the proportion of the total calcite (Ca (1−x) Mg (x) CO 3 ) within which the Ca 2+ ion has been substituted for an Mg 2+ ion. Mackenzie et al. (1983) validated the linear relationship between d104 and Mg content as accurate in the compositional range up to 17.4 wt% MgCO 3 in calcite; above this range there is nonlinear behaviour. Previous measurements of bryozoan MgCO 3 in calcite have ranged between 0 and 13.7 wt% (Smith et al. 2006 ) -within the validated linear range. Composition information is considered accurate to within 2% on a well-calibrated instrument ). Data evaluation was undertaken using WinXPow software.
Statistics and data analysis
The 6 and 12 m long-term temperature data series were statistically compared using a general linear model ANOVA. All mineralogical measurements underwent weighted average transformation in the context of beta regression following the methodology of Smithson & Verkuilen (2006) . This initial transformation, (y (n − 1) + 0.5)/n, ensured that no data points equalled 0 or 1 and prepared the data for subsequent transformation using the logit function. The logit function, logit(p) = ln(p/[1 − p]), accounts for the mineralogical measurements being proportional data (p) (Warton & Hui 2011 ).
Mineralogy data were tested for normality using Anderson-Darling normality tests and homogeneity of variance using Levine's test of equal variance. Mineralogy measurements were found to be normally distributed in most cases, but failed Levine's test of equal variance. The criteria for parametric testing were not satisfied for the mineralogical measurements; therefore, data were analysed using nonparametric tests. Variance was tested using Kruskal 1-way ANOVA with post hoc pair-wise testing (Mann-Whitney U-test). Correlations with environmental variables were explored using the Kendall correlation method. P-values for all analyses were calculated based on the probability of error of 0.05. All statistical data analysis was conducted in the R programming environment (R Core Team 2013).
RESULTS
Environmental analysis
The long-term data series showed no statistical difference (ANOVA) between 6 and 12 m depths (Fig. 3) .
Temperature data measured during sample collection at the sites was compared with data from the same date and time (± 2 h) extracted from the long-term data series at 12 m depth. The site data was found to deviate from the long-term data by a mean of just 0.12°C (maximum deviation = 0.208°C, minimum deviation = 0.054°C).
Environmental measurements taken from the individual sites also show little sea water temperature variability between sites (mean = 8.23°C, SD = ± 0.07°C) with only slightly higher variability in salinity (mean = 33.01 psu, SD = ± 0.49 psu) ( Table 1) .
Species mineralogy
In this study, the wt% MgCO 3 in calcite and wt% aragonite in CaCO 3 of 480 specimens of 3 bryozoan species was quantified. All of the species, Membraniporella nitida (n = 139), Microporella ciliata (n = 145) and Escharella immersa (n = 146), were found to have intermediate Mg-calcite (4 to 8 wt% MgCO 3 in calcite) with a mean wt% MgCO 3 in calcite (± SD) of 6.25 (± 0.648), 6.88 (± 0.638) and 5.66 (± 0.612), respectively (Fig. 4) .
One of the species, M. nitida, was found to be entirely calcitic. M. ciliata and E. immersa were both found to be calcite-dominated bimineralisers with varying volumes of aragonite present. M. ciliata was found to contain levels of aragonite ranging between 1 and 66 wt% (mean = 22.7 wt%, SD = ±18.96 wt%) of total CaCO 3 present. E. immersa was likewise found to contain levels of aragonite ranging between 1 and 75 wt% (mean = 31 wt%, SD = ±18.69 wt%) of total CaCO 3 . ANOVA analysis showed a statistically significant difference between species for both the wt% MgCO 3 in calcite (p < 0.001, F = 134.21) and the proportion of aragonite in total CaCO 3 (p < 0.001, F = 143.3).
Mineralogical variability between sites
Results of a Kruskall-Wallis 1-way ANOVA analysis showed that (a) the mean skeletal wt% MgCO 3 in calcite and (b) the mean wt% aragonite in total skeletal CaCO 3 were different between sites for all 3 species (Table 2) . Post hoc Mann-Whitney U-tests showed that (a) wt% MgCO 3 in calcite and (b) the mean skeletal wt% aragonite in total CaCO 3 showed exactly the same variability, being both statistically significantly different between sites in 18 out of 30 cases (Table 3) . Examination of the Mann-Whitney post hoc analysis of both skeletal wt% MgCO 3 in calcite and wt% aragonite in total CaCO 3 revealed that Sites 1 and 2, South Cava Island and Holm of Houton, were the most mineralogically distinct of all the study sites, differing statistically from 9 of the 12 species−site combinations. The least mineralogically distinct for both measures of skeletal mineralogy was Site 5, Barrel of Butter, which differed significantly in only 5 out of 12 species−site combinations.
Variability in skeletal MgCO 3 in calcite and proportion of total CaCO 3 consisting of aragonite between species and sites can be seen in Fig. 5 . All species show the same skeletal mineralogical distinctness between sites, differing statistically in 50% (6 out of 12) of sites. Although overall mineralogical distinctness is the same for wt% aragonite in CaCO 3 and wt% MgCO 3 in calcite, the species that are distinct between sites are different for the 2 mineralogical measurements.
The skeletal composition of E. immersa showed a statistically significant negative correlation between site temperature and wt% MgCO 3 in calcite and positive correlations between site salinity and TA with wt% MgCO 3 in calcite (Table 4 ). The skeletal composition of M. nitida showed a negative correlation between site salinity and wt% MgCO 3 in calcite and positive correlations between pH, CO 3 2− and calcite saturation state (Ω calcite ) with wt% MgCO 3 in calcite (Table 4) .
The skeletal composition of E. immersa showed a negative correlation between wt% aragonite in CaCO 3 and site salinity, and positive correlations between wt% aragonite in CaCO 3 and pH, CO 3 2− and Ω calcite ( Table 4) . As salinity decreases, and pH, CO 3 2− and Ω calcite increase, there is an increase in wt% aragonite in skeletal CaCO 3 (and a corresponding decrease in calcite). The skeletal composition of M. ciliata showed weak statistically significant correlations between wt% aragonite in CaCO 3 and site 52 Fig. 5 . Variability in wt% MgCO 3 in calcite (left) and wt% aragonite in total CaCO 3 (right) between the 3 temperate species and the 5 study sites. The box shows the standard deviation around the mean; the whiskers indicate the range; the scatterplot shows the spread of samples temperature and depth. Wt% aragonite in CaCO 3 decreases (and calcite increases) with increasing temperature; wt% aragonite in CaCO 3 increases (and calcite decreases) with increasing depth (Table 4) .
DISCUSSION
In this study, a high-replicate, multi-site analysis of the skeletal mineralogy of temperate bryozoans from Orkney was conducted. This analysis allows comparisons to be drawn between the mineralogy and range of skeletal variability between species, and enables investigation of the relative influence of environmental and biological factors on skeleton chemistry.
The 3 study species were found to have statistically different mineralogies to each other with both wt% MgCO 3 in calcite and wt% aragonite in CaCO 3 differing significantly in all cases. Aragonite was present in Microporella ciliata and Escharella immersa, but absent in Membraniporella nitida. All species were found to have intermediate Mg-calcite (4 to 8 wt% MgCO 3 in calcite). Although all species are ascophorans, the calcitic species M. nitida is from the family Cribrilinidae. Previous mineralogical analysis of cribrilinid species have led to the family being reported as calcitic (Smith et al. 2006 ) and the data presented in this study confirm this. Although the species E. immersa and M. ciliata are not in the same taxonomic family, recent phylogenetic analysis by Waeschenbach et al. (2012) (Smith et al. 2006 ) and the data presented in this study provide further evidence of the bimineralic propensity of this clade. The differences in mineralogy between species are, therefore, most likely to be attributable to their differential taxonomic and phylogenetic affinities. Analysis showed that mean skeletal wt% MgCO 3 in calcite and wt% aragonite in total CaCO 3 were different between sites for all species. In this study, the relationship between environmental conditions and aragonite deposition was inconsistent between the 2 bimineralic species examined and no species showed the predicted positive relationship between temperature and aragonite deposition (Anderson & Crerer 1993) . The predicted positive relationship between seawater temperature and wt% MgCO 3 in calcite was also not exhibited in any of the species examined. The relationships between Mg-calcite and temperature were found to be inconsistent between species, with responses 'bucking the trend' of what would be expected from the literature (Chave 1954 , Lowenstam 1954 in some or all cases. Carbonate system parameters of pH, CO 3 2− and Ω calcite were shown to have positive correlations with wt% aragonite in E. immersa and with wt% MgCO 3 in calcite in M. nitida. E. immersa also showed a positive correlation between TA and wt% MgCO 3 in calcite. Investigations on cultured planktonic Foraminifera (Lea et al. 1999 ) and coccoliths (Müller et al. 2014 (Table 1 ). All mineralogy data were logit transformed prior to analysis. Ω calcite = calcite saturation state; x = no statistically significant correlation detected; p = p-value; τ = Kendall's tau; '-' = missing data parameters; however, this pattern was not seen in any of the bryozoan species in this study. An in situ experiment on the bryozoan species Myriapora truncata by Lombardi et al. (2010) found wt% MgCO 3 in calcite to decrease with decreasing pH. Our study also detected this positive correlation; however, it was only significant in a single species and therefore cannot be considered reliable evidence of a relationship between skeletal mineralogy and carbonate system parameters in the Bryozoa. As predicted, environmental conditions alone do not adequately explain the differences in wt% MgCO 3 in calcite or aragonite found between sites. As reported by Bennett & Covey (1998) , and confirmed in this study, Scapa Flow is found to have a high level of homogeneity in environmental parameters. Across the 12 km scale, only minimal variation in temperature and salinity was detected between sites and there was no significant difference between site measurements and the long-term dataset. Carbonate system parameters were also shown to have only a low level of variation between sites. Thermodynamic studies have shown that, where temperature is the only influencing factor, Mg incorporation within calcite can be expected to increase by ~3% per 1°C (Rosenthal et al. 1997 ). The temperature differences between sites in this study are fractions of a degree and so any increase in wt% MgCO 3 in calcite caused by temperature may be below the levels of detection. We suggest that the results presented in this study provide evidence that biological processes are influencing the process of Mg-calcite and aragonite deposition in these temperate bryozoan species.
Two of the study species, M. nitida and E. immersa, showed contrasting responses of mineralogy to salinity. This dichotomy may be explained by the ecological preferences of the 2 species. E. immersa is only found in full salinity waters (Hayward & Ryland 1999) , while M. nitida has also been reported from brackish sample stations by Winston (1977) . At lower salinities, E. immersa may be encountering some physiological and metabolic stress, reducing the energy available for skeleton construction and resulting in the reported decrease in aragonite and lower overall Mg incorporation in calcite. Conversely, in low-salinity conditions, M. nitida exhibits increased wt% MgCO 3 in its skeletal calcite and this may be evidence of the stable metabolic state of this species in diminished salinity conditions.
A potential explanation for the observed differences in mineral deposition between sites may be the hydrodynamic linkages between study locations. Orkney features a highly tidal hydrological regime.
The main tidal flows come in and out of Scapa Flow from the northwest and the south, both at an average flow rate of ~0.25 m s −1 (Marine Scotland 2012). The island cluster in the west of Scapa Flow causes a complex funnelling of the tidal current between these sites. Fara, in particular, creates an almost cyclical flow around the island at all points of the tide and the south of Flotta is prone to eddies, as the southern tidal in-flow meets the ebbing flow from Fara (Orkney Islands Council 2013).
The least mineralogically distinct site was the Barrel of Butter, Site 5, which is in the centre of Scapa Flow and is, therefore, subject to incoming flow, larvae and gametes from both the south and the northwest. It is particularly indistinct from Flotta, Site 3, with no statistically significant difference in any species for either wt% MgCO 3 in calcite or wt% aragonite in CaCO 3 , despite its geographical distance from Flotta (> 7.5 km). Lecithotrophic larvae from the temperate bryozoan Celleporella hyalina, which are of a comparable size to the species used in this study, were found to be able to swim for up to 4 h, with a preference to settle within 1 h of release (Goldson et al. 2001 ). If we expect similar planktonic behaviour for our comparably sized larvae, then during periods of peak tide, the dispersal potential would be up to 14.4 km, with distances of over 3.6 km achieved in 1 h. This would allow transport of larvae from Flotta to the Barrel of Butter in just over 2 h, well within the feasible time limit for successful metamorphosis upon settlement (Wendt 2000) . It is therefore possible that the mineralogical indistinctness between the Barrel of Butter and Flotta is caused by population interconnectivity. The most mineralogically distinct sites were South Cava (Site 1) and Holm of Houton (Site 2). The cyclical tidal flow around Fara appears strong at all points of the tide (Orkney Islands Council 2013) and may be acting to isolate South Cava and Holm of Houton from the south of Scapa Flow, helping to explain why all species from these sites are mineralogically distinct from Flotta populations. Population genetics and calculation of the level of gene flow between sites would need to be conducted on bryozoans from all sites to test this hypothesis.
CONCLUSIONS
Using mineralogical analysis, we detected a high degree of variability in the wt% MgCO 3 in calcite and wt% aragonite in the skeletons of marine bryozoans sampled from Orkney, Scotland. Among species differences in mineralogy provide evidence for 54 the vital effect in some temperate bryozoans. Significant variability was found to occur between sites and, in some cases, was found to be related to seawater temperature, salinity and carbonate system parameters. Detected patterns between mineralogy and environmental conditions were inconsistent, however, and we suggest that differences in population connectivity and physical hydrography between sites may be additionally influencing skeletal mineralogy. Although the underlying mechanisms remain unclear, we suggest that physiological processes may be overriding or masking environmental patterns in some bryozoan species. Our study emphasizes the importance of sampling replication and accurate measurement of environmental conditions, as well as consideration of species and site-specific biological factors when discussing mineralogical variability. Exploring the role of both biological and environmental factors in the control of calcium carbonate mineralogy should continue to provide a fertile area for research in the future.
